INTRODUCTION
Accurate estimates of the thermodynamic properues of fluids, including phase equilibria, are of importance for a variety of applications, ranging from the design of chemical processes to the analysis of geological formations under the earth's crust. In the absence of experimental data, the thermodynamic propenies of pure fluids and mixtures can be estimated by group-contribution methods (Reid et al., 1987) . While such methods can often achieve semi-quantitative predictions. they have some severe limitations, especially for mixtures. because they are often used in conjunction with overSimplified analytical equations of state or activity-coefficient models. An inherent shortcoming of empirical group-contribution methods resides in their inability to distinguish between isomers (e.g. n-butane and isobutane); further, for flexible molecules, these empirical methods do not take into account molecular configurations which may depend on composition as well as temperature and density. This work reports some initial studies toward estimating quantitatively the thermodynamic properties (including phase equilibria) of real poly atomic fluids by molecular simulation. In this work we are concerned with hydrocarbons and with methane-hydrocarbon mixtures.
For simple fluids, such as the noble gases, spherically symmetric potentials are adequate for calculating thermodynamic properties. Polyatomic fluids are more adequately described by multicenter (site-site) intermolecular potentials; if interaction sites are assigned to specific chemical ,groups of a molecule, and if the corresponding site-site parameters are transferable from one molecule to another, then the intermolecular potential functions used to describe such fluids can provide the microscopic analog of conventional macroscopic group-contribution methods.
When a functional form for intermolecular interactions is established, calculation of macroscopic equilibrium properties requires either an analytic theory of fluids or simulation by computer. In this work, eqUilibrium properties of uniphase systems are obtained from Monte-Carlo simulations in the isobaric-isothermal NPT ensemble (Allen et al., 1987) . Vapor-liquid equilibrium properties are obtained by Monte-Carlo simulations in the Gibbs ensemble (Panagiotopoulos et al., 1988) .
The so-called Gibbs-ensemble simulation method (panagiotopoulos et al.,1988) has provided a useful procedure for phase-equilibrium calculations. Because molecular simulations in the Gibbs-ensemble avoid the need for extensive iterative calculations, phase equilibria can now be simulated much more easily. , Simulations in the Gibbs ensemble have been carried out for a variety of systems, including fluids in small pores and membrane equilibria. Most of these studies, however, have been carried out for monatomic fluids (Panagiotopoulos et al., 1989) .
Recently, we have presented some results of Gibbs-ensemble simulations for polyatomic fluids (De Pablo et al., 1989) . The fluids analyzed in that study were lower alkanes; each methyl group (with its corresponding hydrogen atoms) was replaced by a distinct interaction site. That study, however, was limited to methane, ethane, propane and water.
In this work, we present a systematic study of phase equilibria for alkanes by molecular simulation. The fluids discussed in this work include chains of up to six carbon atoms (e.g. n-hexane). The intermolecular potentials used here are slight modifications of those presented by Jorgensen et al. (1984) . In the first section of this work we briefly describe these intermolecular potential functions and some details concerning the computer simulations. In the second section, we show results of Monte-Carlo simulations in the NPT ensemble. The first and second section follow the procedure described by Jorgensen (1984) . However, significant modifications have been made which enable the calculation of single-phase properties over a wider range of density. In the third section we discuss results of Gibbs-ensemble simulations of pure alkanes, cyclopentane, cyclohexane and benzene. In the fourth section. we present results for a few binary mixtures at elevated pressures.
POTENTIAL-ENERGY CALCULATION Effective Potential-Energy Functions
An alkane molecule is divided into sites according to its number of carbon atoms.
The total potential energy is given by:
where rt is the coordinate vector of interaction site k, n is the total number of sites in the system, U2 is the pair-interaction potential-energy function and U3 is the three-body potential-energy function .
. The total potential energy may be approximated as a sum of effective pair interactions over all pairs of sites (k,/):
Three:"body and higher multibody terms are included in the effective pair potential-energy function. Since these multibody terms are more important at liquid-like densities than at low (vapor) densities, the effective potential-energy funtion may show some dependence on density and temperature.
Intermolecular Potential-Energy Functions
For alkanes, we assume that interactions between sites of different molecules are of the Lennard-Jones (LJ) type. The multicenter intermolecular potential energy between two identical molecules i and j. each having m interaction sites, is calculated from:
where J; and I correspond to interaction sites located on molecules (The kl's in Equation (3) are indices. not exponents). (3) and j, respectively.
The intermolecular potential functions used here are based on the work of Jorgensen et al.(1984) . These functions are generally referred to as OPLS functions, an acronym for optimized potentials for liquid simulations. Table A .l· of the Appendix gives standard geometric parameters required for representing the hydrocarbons studied here.
While, in principle, every atom of a hydrocarbon molecule could be considered explicitly, in the OPLS formalism, hydrogen atoms are taken into account implicitly, as an integral part of a functional group or site. Jorgensen et al. (1984) reported site parameters that were adjusted by fitting experimental liquid densities and enthalpies of vaporization at the normal boiling point or at 25 0 C for a variety of hydrocarbons. These are recalled in the Appendix (Table A. 2).
In their original work, Jorgensen et al. (1984) used geometric-mean combining rules to calculate cross-interaction parameters for functional groups of a different nature; the U parameters for the interaction between sites k and 1 are given by (4a) (4b)
In this work, we also use a geometric-mean combining rule for the energy parameter (e). However, for the size parameter we use an arithmetic-mean combining rule, i.e. Equation (5) is exact for mixtures of hard spheres; a common starting point for analytical work (Hansen et al.,1986) . Further, the results of recent Gibbs-ensemble simulations of mixtures of methane and ethane (panagiotopoulos et al., 1989) indicate that Equation (5) is superior to Equation (4b).
The parameters shown in Table A .2 (Appendix) were developed in conjunction with Equations (4a) and (4b). Since our aim is to study mixtures of alkanes under an interaction-site formalism, we have readjusted some of these parameters, using Equation (5) instead of Equation (4b), toward improving agreement with experiment for mixtures.
The work of Jorgensen et a1. (1984) indicates that site-site Lennard-Jones parameters are slightly density-dependent. Although, in principle, intermolecular potentials should not depend on density, the Lennard-Jones potential-energy functions used here describe "effective" pair-interactions which take into account neglected multi-body interactions. Because higher-order interactions are more important at higher densities, the effective pairpotential-energy functions are density-dependent. In this work, site-site-energy parameters (e's) vary linearly with site-density. This density dependence improves significantly agreement with experiment. To represent thermodynamic properties of liquids over an appreciable density range, we use for every site k -site k potential: (6) where Psi(~ = molar density of sites and akA: = Lennard-Jones size parameter for the k-k . .
-5 -interaction. The site-specific constants Au and BI;k are given in For site k -site 1 interactions, E"I is given by Equation (4a) .
Intramolecular Potential-Energy Functions
In addition to contributions from intermolecular interactions, the potential energy of an alkane can also have contributions from intramolecular interactions. For non-cyclic alkanes, the laner are given by torsional potentials for rotations around carbon-carbon bonds, and by Lennard-Jones iilteractions between sites located on the same molecule but separated by more than three bonds. Jorgensen et al. (1984) have also reponed torsional potential functions for isolated alkanes. These functions are Fourier series, with coefficients Vj adjusted to fit the results of molecular-mechanics calculations:
where· I/I p is the dihedral angle for rotation around a carbon-carbon bond (P). Table A.3 of the Appendix gives the coefficients Vj for Equation (7).
Interaction sites separated by more than three bonds (as the CH 3 groups in n-pentane) interact through a Lennard-Jones potential.
The intramolecular potential for an alkane molecule (i) is calculated according to:
where the sum for rotational contributions to the energy extends over all those carboncarbon bonds for which rotations are possible. and where the prime on the indices for the sums over non-bonded contributions indicates that these sums extend over all pairs of sites on molecule (i) separated by more than three bonds.
Total Potential Energy
For a system containing N molecules. the total potential energy is calculated by summing all inter-and intramolecular interactions according to
; < Jorgensen et a1.
[1] calculate molar enthalpies of vaporization according to
where subscripts inter and intra denote intermolecular and intramolecular molar energies, respectively; the molar volume is designated by v and P is the saturation pressure. Several approximations are implicit in Equation (10) . First, it assumes that, at constant temperature, the sum of kinetic and vibrational energies is the same for liquid and vapor states. Second, it neglects contributions to the vapor-phase energy arising from intermolecular interactions; while this assumption is justified for very low vapor-phase densities, it is not valid for intermediate densities. For the vapor phase, Jorgensen et al. obtain E;II,ro from a simulation for an isolated molecule.
Following Jorgensen et al. (1984) , for low-densityvapors (ideal-gas behavior) we calculate the molar enthalpy of vaporization according to
where the molar volume of the liquid has been assumed to be much smaller than that of the , equilibrium vapor and where the ideal-gas law is assumed to hold. Here, for very low vapor densities, we obtain E;lItro from a Monte-Carlo simulation of 10 molecules in a highly dilute gas.
For intermediate-density vapors, the molar enthalpy of vaporization at temperature T is calculated according to
where Epo, is given by Equation (9). Gibbs-ensemble simulations yield the vapor and liquid orthobaric densities (and internal energies). For low to intermediate vapor densities, the pressure required for Equation (12) can be calculated by the ideal-gas law or by a virial expansion truncated after the second term. For simplicity, in this work we always use the ideal-gas law.
MONTE-CARLO SIMULATIONS NPT Simulations
For the fluids studied here, isothermal-isobaric Monte-Carlo simulations with Metropolis sampling (Allen et aI., 1987) were carried out on systems of 150 to 350 molecules in a cubic box. The periodic boundary conditions affect the simulation results if the size of the box is too small compared to the correlation length in the fluid. The number of molecules considered is therefore chosen depending on the density of the phase simulated, so as· to minimize these size effects. All simulations consisted of 5* lOS particle-displacement steps for equilibration, followed by 10 6 additional steps for averaging. Volume changes were attempted after cycles of 500 particle-displacement steps. Depending on the temperature, the magnitudes of particle and volume displacement attempts were adjusted in such a way that roughly 50% of these moves were successful.
For n-butane and n-pentane, following the suggestion of Jorgensen et al. (1984) , we use umbrella sampling over chopped rotational barriers.
The cyclohexane molecule is fixed into the chair conformation; its intramolecular energy is considered constant. The model used for the benzene molecule is a hexagon with fixed side lengths equal to the aromatic C-C bond length. Its intramolecular energy is also considered constant.
Intermolecular interactions were truncated according to a spherical cutoff (A1~en et al.,1987) . In all cases, the radius for cutoff was slightly smaller than half the average edge of the simulation box. Corrections to the potential energy arising from truncations to intermolecular interactions were incorporated into the simulations according to m m 00
where N is the number of molecules included in the simulation, m inhe number of sites, r equals r;-rj' uf! is the site-site potential ( see Equation (3», p is the number density of the fluid, rc is the cutoff radius. and gk/(r) is the radial distribution function for sites k and 1, assumed to be unity beyond the cutoff.
Gibbs-Ensemble Simulations Pure Fluids
Simulations in the Gibbs ensemble (Panagiotopoulos et al .• 1988) were carried out in systems of 250 to 400 molecules. The procedure followed for these simulations was essentially identical to that followed for the NPT simulations; however, in addition to particle and volume displacements. Gibbs-ensemble simulations require particle exchanges between coexisting phases.
When tbis study was undertaken, it was not clear if the random insertion of a relatively long alkane molecule (e.g. n-pentane) into a dense liquid phase, consisting of similar molecules, would be possible. Dickman and Hall (1988) , for example, have carried out grand-canonical simulations of athermal chain molecules and have found that for chains of four or more beads, successful insertions are extremely unlikely. For multicenter LJ fluids, we have observed that successful molecule exchanges between coexisting phases are indeed difficult, particularly for cyclohexane at low temperatures (25°C). However, we have found that, for a large enough number of exchange trials, a sufficient fraction of these trials is successful; good statistics can therefore be achieved in a few hours computer time using an IBM 3090.
The initial configurations for Gibbs-ensemble simulations (Le. the number of particles and the number density of coexisting phases) are chosen such that, during the simulation, the volumes of the liquid and vapor phases are large enough not to affect the results.
A series of exchange trials is performed at the end of each cycle, immediately after a volumechange attempt. Depending on the temperature, the total number of eXChange trials per cycle is adjusted such that not more than two or three particles are exchanged per cycle. Because saturated liquid density falls with risingJ~mperature, the acceptance ratio for particle exchange increases with temperature, facilitating the calculation of phase equilibria at high temperatures, as reported in Table 3 .
Mixtures
Gibbs-ensemble simulations for binary mixtures were carried out at constant pressure for systems of 200 to 450 molecules, depending on the densities. The simulation procedure for mixtures is identical to that for pure components, except that after choosing at random which of the coexisting phases is to receive a molecule, it is decided with a fixed probability which species is to be transferred; this probability is adjusted such that the number of successful transfers for both species is roughly the same. Finally, to obtain good statistics, the number of exchange trials for a simulation run is such that at least a few thousand are accepted.
RESULTS AND DISCUSSION
NPT Simulations NPT simulations of several pure liquid hydrocarbons were carried out at constant temperature and at various pressures and compared with experimental data. The parameters reported by Jorgensen (1984) were used as a starting point. Some of the group-size parameters (o-'s) have been slightly modified (with respect to the OPLS parameters of Jorgensen et al., 1984) in accord with Equation (5) instead of Equation (4b). Further, NPT simulations at various densities were carried out for the hydrocarbons studied and the parameters were readjusted. Quantitative agreement is achieved when the energy parameter E is site-density dependent. The site-density is defined as the total molar number of LJ-sites per cubic centimeter. Similar calculations at constant density and at various temperatures and pressures suggest that the temperature dependence of the effective potential functions is negligible. All computer codes used for this work were developed at the University of California, Berkeley. To verify these codes, we have tried to duplicate most of the simulations reported by Jorgensen et al., (1984) . While the results presented here are, in general, in good agreement with those of Jorgensen et al., we have found some small deviations for propane, isobutane, and neopentane at 25°C. The discrepancies for these liquids can be explained by their normal boiling points, which are well below 25°C; at 25°C and 1 atm, these fluids are in the vapor state. Since Jorgensen et al. appear to have carried out their simulations at 1 arm and 25 ° C, and since they report liquid-like densities, we assume that the systems simulated by these authors were in a hypothetical state.
Because of the site-density dependence assigned to the £'s, agreement with experiment has been improved significantly and extended to a wider range of densities relative to the results presented earlier by Jorgensen et al.(1984) . Satisfactory agreement between experimental and simulated densities was also achieved at high pressures for methane (800 atm) and butane (300 arm). However, experimental enthalpies of vaporization are not available at these pressures and therefore, the results were not included in Table 2 .
Gibbs-Ensemble Simulations
The results presented here show that the multicenter potential functions used by Jorgensen (1984) , modified as explained above, can successfully be applied to vapor-liquid equilibrium calculations. Table 3 shows calculated values of orthobaric densities from Gibbs-ensemble simulations of alkanes, using the site parameters determined by singlephase simulations. Since the densities of the vapor phase are small, the value of the energy parameter £ used for the vapor phase energy calculations has no noticeable influence. Therefore. for simplicity. we use the same values of epsilon for the liquid and the vapor phases. Table 3 also shows corresponding experimental values.
The last column of Table 3 indicates the percentage of particle-exchange trials that are successful. For example. for n-butane at 25 0 C. out of a million exchange trials, only about 200 are successful. Gibbs-ensemble calculations were performed for the methane-n-pentane, methanebenzene and methane-cyclohexane systems. These systems were chosen first, because phase-equilibrium data are available over a wide range of temperature, and second, because these three mixtures exhibit retrograde condensation which often cannot be well predicted by conventional equations of state.
Given an estimate of the site density of the liquid phase, the epsilon values required for the different sites· present in the mixture are calculated through the linear functions given in Table 1 . These values can be then be more precisely fixed by using the density results of the simulation; these most depend on the sigma values. Tables 6 and 7 report the results obtained for the methane-cyclohexane system at 137.8°C and for the methane-benzene system at 227°C, respectively. The square symbols show estimated value and standart deviation of simulations in the Gibbs ensemble. The solid circles represents experimental data. For the pressures studied here, agreement with experiment is remarkable for the two first systems. For the methane-benzene system, however, the Lennard-Jones multicenter potential model does not represent the coexistence curve. Since the calculated vapor-composition curve crosses the experimental curve, the deficiency of the model is not merely due to inadequate parameters, but to the form of the molecular model. 
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Comparison of the Flexible Multisite Model to Simpler Models
Simulations of the methane-n-pentane system at 104.4 °c were also performed using three simple molecular models for n-pentane molecules: Lennard-Jones spheres, ellipsoids interacting through a Lennard-Jones potential function, rigid molecules with a fixed unique conformation. The results were compared to the experimental data as well as to the flexible multicenter potential model calculations. The Gibbs-ensemble method used is the same as that described earlier.
Spherical Model
The n-pentane molecule is described by a single Lennard-Jones site. The energy and size parameters are derived from critical density Pc and critical temperature Tc using T kb ~ = 1.31 and P c cf3 = 0.31 as estimates for the reduced critical properties of the tbree-£ dimensional LJ fluid (Panagiotopoulos, 1987 , Smit et al., 1989 . The parameters are ~ = 358.5 K and cr = 5.27 A..
kb
The results are presented in Tables 8 and 9 and plotted on Figure 3 . Simulations yield satisfactory agreement with the experimental densities, confinning the value chosen for size parameter cr. The discrepancies between calculated and experimental compositions are significant, pointing out the inadequacies of the spherical model. Any adjustment of the energy parameter E. provides only a translation of the vapor pressure-composition curve, without significantly correcting the curvature. Ellipsoid Model
The ellipsoid used to describe the n-pentane molecule has the same volwne as that of the sphere considered above. It is described in terms of the Lennard-Jones potential by a single energy parameter £ and two geometric parameters al and a2' The size parameter a entering in the potential energy function is a function of alo a2 and the relative orientation· of the interacting molecules i and j.
where, if i refers to a n-pentane molecule,
9 is the angle between the rij position vector and the main axis of the n-pentane ellispoid.
The length-to-width ratio of the ellipsoid ( ~ ) is chosen so as to equal the geometric The methane mole fraction in the gas, however, is underpredicted when compared to experimental data and when compared to multicenter potential computation results. Better agreement can" be reached by increasing slightly the energy parameter of the ellipsoid. Such adjustment, however, deprives the method from its predictive power. Further, it is likely that the ellipsoid model would be unsuitable for chains longer than pentane. The pentane molecule was described with the same multicenter potential, but the two rotational degrees of freedom (around C-C bounds) were removed. Using simulations with the flexible-multicenter molecular model, the distribution of t-t, t-g, g+g+ and g-g+ conformations had been determined in the liquid and in the vapor phase of the methane-n-pentane mixture at 104.4 °e. (Here t stands for trans and g stands for gauche.) Because the t-t conformat jon is that most frequently (> 80%) adopted by the n-pentane molecules under these conditions, we fix the n-pentane molecules in this conformation. The calculated results are compared to experimental data in Tables 12 and 13 . Figure 5 shows that, upon restricting conformations of n-pentane, slightly lower simulated densities are obtained for the liquid phase. The volume of the rigid t-t n-pentane molecule is larger than that of the flexible molecule averaged over all conformations. The simulated composition coexistence curve overpredicts the methane content of the vapor.
However, if the n-pentane molecules are allowed to adopt t-t, t-g and g+g+ conformations with probabilities determined from the simulations with the flexible model (the g+g-population is negligibly small under these conditions), the densities and compositions of the vapor and liquid phases are predicited in good agreement with experiment.
CONCLUSION
The multicenter Lennard-Jones potential, with a linear site-density dependence of the epsilon parameters, permits representation of liquid densities and enthalpies of vaporization of some lower alkanes over a wide range of temperature., When the site-site parameters are adjusted to optimize the fit of the densities and enthalpies of vaporization of these lower alkanes, good predictions are obtained for the properties of n-pentane, n-hexane and cyclohexane.
Gibbs-ensemble simulations can be used to calculate vapor-liquid equilibria for moderately long molecules. While the transfer of particles between coexisting phases becomes increasingly difficult at low temperatures, for the systems and conditions studied here, a few thousand successful transfers can be achieved in 5-8 hours (real computer time) on an IBM 3090. Corresponding time on a Cray supercomputer is 1-3 hours.
Phase-equilibrium Monte-Carlo simulations for methane-hydrocarbon mixtures can yield orthobaric compositions in good agreement with experiment. Under certain ,conditions of pressure and temperature, the mixtures studied here (methane/n-pentane, methane/cyclohexane and methane/benzene) exhibit retrograde condensation. It appears that, with care, Monte-Carlo simulations can represent the retrograde properties of the first two mixtures. Upon comparing the results using the multicenter Lennard-Jones potential with those based on simpler models, it appears that it is necessary to give attention to the configurational degrees of freedom of the alkane molecules (Le. torsion about C-C bonds) to predict liquid-vapor equilibrium compositions. This comparison suggests that the retrograde effect can be represented with a simple ellispoid model for the n-pentane molecule, indicating that this effect may be mostly due to the non-sphericity of the n-pentane molecule. However, for larger paraffins, we anticipate that successful calculations will require that consideration be given to the effect of molecular conformation.
Only simple alkanes and benzene have been studied here; therefore this work provides only a small first step towards building a more complete data bank, similar to those available for conventional group-contribution methods such as UNIF AC. The results obtained here suggest that it may be worthwile to consider a concerted effort toward constructing a large site-site-potential data base obtained from readily available phase-equilibrium data. While computer requirements are as yet very high, it is likely that developments in computer hardware and software will reduce this requirement substantially within a five or ten years. t From Jorgensen et al. (1984) . 112 120 tt (C i ) indicates that the number of non-hydrogen attachments of the adjacent carbon atom is equal to i. t From Jorgensen et a/. (1984 ) . The units are kcallmol. 
APPENDIX Geometric and Potential-Function Parameters

